Subsaturating amounts of Bacillus subtilis SsbA, independently of the order of addition, partially inhibit the singlestranded DNA-dependent dATPase activity of RecA. This negative effect is fully overcome when a substoichiometric amount of RecO is added. SsbA added prior to RecA does not stimulate the dATP-dependent DNA strand exchange activity; however, added after RecA it enhances the extent of strand exchange. The addition of RecO stimulates RecA-mediated joint molecule formation, although it limits the accumulation of final recombination products. Thus we suggest that RecO has a dual activity: RecO acts as a RecA mediator enabling RecA to utilize SsbAcoated single-stranded DNA as a polymerization substrate and controls RecA-mediated DNA strand exchange by limiting its extent. We herein discuss the possible mechanisms of RecO involvement in the regulation of double strand break repair and genetic transformation.
Subsaturating amounts of Bacillus subtilis SsbA, independently of the order of addition, partially inhibit the singlestranded DNA-dependent dATPase activity of RecA. This negative effect is fully overcome when a substoichiometric amount of RecO is added. SsbA added prior to RecA does not stimulate the dATP-dependent DNA strand exchange activity; however, added after RecA it enhances the extent of strand exchange. The addition of RecO stimulates RecA-mediated joint molecule formation, although it limits the accumulation of final recombination products. Thus we suggest that RecO has a dual activity: RecO acts as a RecA mediator enabling RecA to utilize SsbAcoated single-stranded DNA as a polymerization substrate and controls RecA-mediated DNA strand exchange by limiting its extent. We herein discuss the possible mechanisms of RecO involvement in the regulation of double strand break repair and genetic transformation.
Homologous recombination is required for the maintenance of genetic stability. The recombinases of the RecA family (e.g. viral UvsX, bacterial RecA, archaeal RadA and eukaryotic Rad51 and Dmc1) perform the fundamental role of homologous pairing and strand exchange during DNA repair and genetic recombination in all domains of life (1) (2) (3) (4) . These recombinases are regulated at multiple levels to ensure that the dynamic nucleoprotein filament is assembled only where homologous recombination is required (3) (4) (5) . One regulation step is the involvement of accessory proteins (mediators) in the recruitment of the recombinase onto single-stranded (ss) 3 DNA. The ssDNA is always covered by single-stranded binding proteins (e.g. viral Gp32, bacterial SSB/SsbA, archaeal and eukaryotic RPA) that compete with the recombinase and usually limit its loading (reviewed in Refs. 4 and 6 -8) . The intricate mechanism of loading the recombinase (UvsX, RecA, RadA, Rad51, Dmc1) onto ssDNA coated with the single-stranded binding protein (Gp32, SSB/SsbA, RPA) is poorly understood (reviewed in Refs. 6, 8, and 9) . A family of mediator proteins (e.g. viral UvsY, bacterial RecOR/RecO, eukaryotic Rad52) with strand-annealing activity has evolved to counteract the limitation exerted by the single-stranded binding protein on the recombinase loading onto ssDNA (reviewed in Refs. 6 -9). It has been described that other mediators can load the recombinase at gaps on the template DNA coated with the single-stranded binding protein (e.g. bacterial RecFOR or eukaryotic BRCA2) (reviewed in Ref. 10) or onto the generated naked ssDNA (e.g. bacterial RecBCD) during DNA end processing (11) . In Escherichia coli the SSB (SSB Eco ) protein provides per se a level of RecA Eco nucleoprotein filament regulation. SSB Eco can both inhibit and enhance the RecA Eco nucleation process, depending on the order of addition (reviewed in Ref. 6 ). SSB Eco , added after RecA Eco nucleation has started, stimulates RecA Eco -catalyzed ssDNA-dependent ATP hydrolysis, by melting the secondary structures in the ssDNA and increasing the binding of RecA Eco to ssDNA. However, SSB Eco pre-bound to ssDNA, inhibits RecA Eco nucleoprotein filament formation and ATP hydrolysis, thereby suppressing unwanted RecA nucleoprotein filaments (reviewed in Ref. 12) . In this bacterium, the concerted action of RecO Eco and RecR Eco is required to facilitate RecA Eco loading onto SSB Eco -coated ssDNA (13) (14) (15) (16) .
The evolutionary distance between Bacillus subtilis and E. coli cells spans more than 1.5 billion years, which is a greater time divergence than the one between plants and animals. This raises the question whether the regulation of B. subtilis RecA nucleation onto ssDNA functions in a similar way as in E. coli, due to available data it can be deduced that some performers are different, others are new and some others are missing (17) . (Note that, unless otherwise stated, the indicated genes and products are of B. subtilis origin.) For example, DNA sequence analysis of the B. subtilis genome reveals that it encodes two single-stranded binding proteins (SsbA and SsbB), just as the genome of many other "natural competent" bacteria. SsbA (counterpart of SSB Eco ) is essential for cell proliferation and is also required for DNA replication and recombinational repair, whereas SsbB (also termed YwpH) is only required during natural transformation (18) . SsbA (172-residue long polypeptide) shares 63% identity with the competence specific SsbB (113-residue long polypeptide) protein. SsbA also shares a significant degree of identity with heterologous single-stranded binding proteins (e.g. SSB Eco and B. subtilis phage SPP1 Ssb (Ssb SPP1 ), also termed G36P) at their N-terminal moieties (38 and 44% identity, respectively, at their first 105 residues), but little homology toward the C-terminal ends. However, a patch of high identity at their acidic C-terminal end (78% with Ssb SPP1 (residues 153-172) and 63% with SSB Eco (residues 161-172)) is also detected.
The SsbA protein becomes phosphorylated (19) . The biochemical activities associated with SsbA in DNA repair are poorly understood, as well as the role of its phosphorylation.
Genetic studies provide evidence that E. coli and B. subtilis cells might use different pathways to load RecA onto SsbAcoated ssDNA (20) . Mutations in the recF, recO, or recR genes render cells hypersensitive to DNA-damaging agents that generate nicks or double-strand breaks (17) , whereas mutations in recF Eco , recO Eco , or recR Eco render cells only moderately sensitive (12) . In both B. subtilis and E. coli cells, the recF, recO, or recR defect is partially suppressed by common suppressors (e.g. a recA mutant allele, etc.) (21) (22) (23) . However, the RecO protein, but not RecF or RecR, is required for plasmid transformation (24) . Cytological studies revealed that upon induction of DSBs, RecN, RecO, RecA, RecF, and RecU localized as a discrete focus on the nucleoids in ϳ75% of the cells (25) (26) (27) . RecN localizes first (15 min after DSB induction), then RecO and RecA (30 min), whereas RecF localizes later (60 min), followed by the RecU protein (90 min) (25) (26) (27) . Furthermore, RecF foci were strictly dependent on the presence of RecO in the cells (25) . These data altogether suggested that RecO has two activities: in concert with RecF and RecR, it is required for RecA-dependent recombinational repair (e.g. upon generation of DSBs), and independently of RecF and RecR it is needed for RecA-independent plasmid transformation (24, 25) .
Biochemical studies have shown that (i) RecA (a 347-residue long protein) shares a high degree of identity with RecA Eco in the first 322 amino acids (62%), but low identity at the C-terminal region. RecA preferentially hydrolyzes dATP over ATP and supports an efficient DNA strand exchange reaction in the presence of dATP when compared with ATP (5, 28, 29) . Saturating amounts of SsbA, independently of the order of addition, reduce the ssDNA-dependent dATPase activity and block the ATPase activity of RecA (5) . In the presence of ATP, 10 times more RecA is required to achieve a comparable level of strand exchange than in the presence of dATP (5) . (ii) RecR, which is a zinc-metalloprotein (30) , binds dsDNA and ssDNA with a 3-fold lower affinity. In the presence of ATP, RecR forms complexes that are frequently located at the intersection of an interwound DNA molecule (31, 32) . RecR Eco , however, neither binds ssDNA nor dsDNA (14, 33) , and (iii) RecO Eco binds ssDNA and dsDNA, promotes renaturation of homologous DNA strands and only in concert with RecR Eco promotes RecA Eco loading onto SSB Eco -coated ssDNA (13-16, 34, 35) . The structure of Deinococcus radiodurans RecO (RecO Dra ) reveals an N-terminal domain that adopts an oligonucleotide/oligosaccharidebinding fold-like bacterial SSB Eco /SsbA, eukaryotic RPA, or BRCA2 protein (36, 37) . The recO gene has a conserved genomic organization when compared with the recO Eco gene, but poor identity at the protein level. Only the N-terminal region of RecO shares a low level of identity with RecO Eco (29% in the first 164 amino acids of the 255-residue long polypeptide) (24) . The biochemical activities associated with the RecO protein are unknown.
The effect of RecO, RecR, and SsbA was analyzed in our endeavors toward the understanding of the dynamic mechanisms regulating RecA nucleation onto ssDNA in Firmicutes. To evaluate the effect of the species-specific SsbA, the orthologous Ssb SPP1 (counterpart of Gp32) protein was chosen because it shows a higher degree of identity to SsbA than SSB Eco (38) .
EXPERIMENTAL PROCEDURES
Bacterial Strains and Plasmids-B. subtilis YB886 and E. coli BL21(DE3) (pLysS) and XL1-Blue strains were described previously (39) . pCB596-borne ssb SPP1 (40) , pCB722-borne ssbA (5), or pCB669-borne recO genes, under the control of a phage T7 promoter, were used to overexpress Ssb SPP1 , SsbA, or RecO proteins, respectively. Previously it was shown that the structure of RecR-His Dra was not distorted by the presence of a His tag (41) . Hence, the recR coding region lacking the stop codon was amplified with oligonucleotides also having NdeI and AvaI restriction sites. The NdeI-AvaI DNA segment was joined to NdeI-and AvaI-cleaved pET21b (Novagen) to generate the pCB667-borne His-tagged recR gene. The recR coding sequence with six histidine codons at the 3Ј-end was confirmed by nucleotide sequencing. The pBT61-borne recA gene, under control of its own promoter, was used to overexpress RecA in B. subtilis cells (42) . pGEM-3Zf(ϩ) (Promega) was the source of circular ssDNA and dsDNA.
Enzymes, Reagents, and Protein Purification-DNA modification enzymes were supplied by Roche. ATP, dATP, ATP␥S, dithiothreitol, and mitomycin C were from Sigma. The crosslinking agent DSS was from Pierce. RecA (38.0 kDa) and Ssb SPP1 (17.0 kDa) proteins were purified as described (40, 43) .
E. coli BL21(DE3) (pLysS) cells bearing the pCB722-borne ssbA gene were grown to mid-exponential phase and the expression of the 18.7-kDa SsbA protein was induced by adding 1 mM isopropyl 1-thio-␤-D-galactopyranoside, and the cells were collected 90 min later. The cell mass was resuspended in buffer A (50 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 10% glycerol) containing 100 mM NaCl and disrupted by the addition of lysozyme (500 ng/ml), followed by sonication. After centrifugation, SsbA was found in the soluble fraction. PEI was added to a final concentration of 0.25% (A 260 ϳ 120) and the mixture spun at 30,000 ϫ g for 30 min. The SsbA protein was resuspended from the PEI pellet in buffer A containing 400 mM NaCl and subjected to ammonium sulfate precipitation (30% saturation). The pellet was resuspended in buffer A containing 100 mM NaCl and loaded onto a Q-Sepharose column equilibrated with the same buffer. SsbA was eluted with a linear gradient from 150 to 400 mM NaCl. Fractions containing SsbA were recovered and loaded onto a hydroxyapatite column equilibrated with the same buffer. The column was washed with buffer A containing 10 mM K ϩ phosphate and eluted with a 10 -50 mM K ϩ phosphate gradient. The peak fractions containing SsbA (which was free of SSB Eco ) were pooled, concentrated, and stored in buffer A containing 300 mM NaCl and 50% glycerol at Ϫ20°C. In vitro tyrosine 82 phosphorylated ((SsbA(K)) and desphosphorylated (SsbA(P)) proteins were a gift from I. Mijakovic.
E. coli BL21(DE3) (pLysS) cells bearing the pCB669-borne recO gene were grown to saturation with spontaneous autoinduction of the 29.3-kDa RecO protein, harvested, and resuspended in buffer A containing 300 mM NaCl. The cells were disrupted by the addition of lysozyme (500 ng/ml), followed by sonication. After centrifugation RecO was found in the soluble fraction. PEI was added to a final concentration of 0.25% (A 260 ϳ 120) and the mixture was spun at 30,000 ϫ g for 30 min. The PEI supernatant containing RecO was subjected to ammonium sulfate precipitation (30% saturation). The pellet was resuspended in buffer A to a final concentration of 30 mM NaCl and loaded onto a Q-Sepharose column equilibrated with the same buffer, and the flow-trough was loaded onto an S-Sepharose column. RecO was eluted by a step gradient from 60 to 200 mM NaCl. Fractions containing RecO (which was free of RecO Eco , RecR Eco , or RecF Eco protein) were pooled, concentrated, and stored in buffer A containing 300 mM NaCl and 50% glycerol at Ϫ20°C.
E. coli BL21(DE3) (pLysS) cells bearing the pCB667-borne His-tagged recR gene were grown to saturation with spontaneous autoinduction of the 23.9-kDa His-tagged RecR protein (termed here RecR). The cells were then harvested, resuspended in buffer A containing 0.5 mM ZnCl 2 and 300 mM NaCl, and disrupted by the addition of lysozyme (500 ng/ml), followed by sonication. After centrifugation RecR was found in the soluble fraction and subsequently loaded onto a nickel-nitrilotriacetic acid-agarose column (Qiagen GmbH) equilibrated with the same buffer containing 5 mM imidazol and 300 mM NaCl. RecR was washed with 10, 20, and 30 mM imidazol and eluted by a step gradient from 75 to 200 mM imidazol. Fractions containing RecR were pooled, the salt concentration was reduced by dilution and loaded onto a Q-Sepharose column equilibrated with the same buffer containing 50 mM NaCl. The RecR protein was eluted by a step gradient from 150 to 350 mM NaCl. The fractions containing RecR (which was free of RecO Eco , RecR Eco , or RecF Eco protein) were pooled, concentrated, and stored in buffer A containing 300 mM NaCl and 50% glycerol at Ϫ20°C.
All proteins were purified to homogeneity greater than 98%. The N terminus of the purified proteins was sequenced by automatic Edman degradation. The corresponding molar extinction coefficient for RecA, SsbA, Ssb SPP1 , RecO, and RecR was calculated as 15, 200, 11, 460, 15, 340, 19 ,620, and 10,680 M Ϫ1 cm Ϫ1 , respectively, at 280 nm, as previously described (43) . The protein concentrations were determined using the above molar extinction coefficients, and RecA and RecR are expressed as mole of protein monomers, Ssb SPP1 and RecO as dimers, and SsbA as tetramers. In the presence of Mg 2ϩ , the SsbA tetramer has a binding site size of about 65-nt and each RecA monomer in the filament covers ϳ3-nt or ϳ3-bp.
Protein-Protein Interaction-Rabbit polyclonal anti-RecO antibodies were obtained using standard techniques. For protein cross-linking, a constant amount of RecO alone or in combination with a variable amount of SsbA was incubated in the presence or absence of the cross-linking agent DSS (0.5 mM) for 10 min at 37°C in buffer B (50 mM PO 4 H 2 Na/PO 4 HNa 2 , pH 7.5, 5% glycerol) containing 50 mM NaCl, in a 10-l reaction. The reactions were stopped by adding stop buffer (50 mM Tris-HCl, pH 7.5, 400 mM glycine, 3% ␤-mercaptoethanol, 2% SDS, 10% glycerol) and the proteins separated in a gradient from 10 to 15% SDS-PAGE. For immunoblot detection the proteins were transferred from the gel to a polyvinylidene difluoride membrane, then the membrane was probed with anti-RecO antibodies and the protein-antibody complex highlighted with secondary antibody (horseradish peroxidase) using the LiteAblot Euroclone kit.
DNA Manipulations-The 3,199-bp KpnI-cleaved dsDNA (20 M in nt) and homologous circular 3,199-nt ssDNA (10 M in nt) were incubated with the indicated concentrations of the indicated protein or a combination of them in buffer C (50 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 40 mM NaCl, 10 mM magnesium acetate, 50 g/ml bovine serum albumin, 5% glycerol) containing 2 mM dATP for a variable period or for 60 min at 37°C in a final volume of 20 l. A dATP regeneration system (8 units/ml creatine phosphokinase and 8 mM phosphocreatine) was included when indicated. The samples were deproteinized as described (40, 44) , and fractionated through 0.8% AGE with ethidium bromide. The signal was quantified using a Geldoc (Bio-Rad) system.
RecA dATPase Activity Evaluation-Standard reactions were incubated for an indicated time at 37°C in buffer C with circular ssDNA (10 M in nt) and the indicated amounts of the indicated protein or a combination of them in a volume of 20 l. Different concentrations of dATP were used, containing [␣-
32 P]dATP (1:100,000). The RecA dATPase activity was determined by thin-layer chromatography, as previously described (45) . The SsbA, Ssb SPP1 , RecR, or RecO proteins did not possess an intrinsic dATPase activity associated with them (data not shown).
90°Light Scattering-Filament formation kinetics for RecA⅐dATP⅐Mg 2ϩ ⅐ssDNA in the presence or absence of SsbA/ Ssb SPP1 and/or RecO in buffer C containing 2 mM dATP or ATP␥S or lacking a nucleotide cofactor was measured as the change in turbidity on a Hitachi F2500 scanning fluorimeter, equipped with a thermo-cuvette holder at a constant temperature (37°C). Relative light scattering intensities were recorded at 350 nm emission wavelength and a 1-cm cell path length, and plotted using an FL Solutions computer program and SavitskyGolay Smooth data processing. Background scattering due to cuvette, buffer, and ssDNA has been subtracted. SPP1 on RecA Catalyzed ssDNA-dependent dATP Hydrolysis-dATP hydrolysis was used as an indirect measurement of RecA⅐dATP⅐Mg 2ϩ binding onto SsbA-or heterologous Ssb SPP1 -coated ssDNA. RecA hydrolyzed dATP at a turnover number of ϳ15 min Ϫ1 , which is similar to previously published data on RecA or RecA Eco under similar experimental conditions (5, 29) . The addition of SsbA to the pre-formed ssDNA⅐RecA⅐dATP⅐Mg 2ϩ complex from subsaturating (1 SsbA/72 nt) to saturating (1 SsbA/18 nt) concentrations partially inhibited (ϳ40%) the dATPase activity of RecA by competing with RecA for ssDNA binding (Fig. 1A) , and added prior to RecA similarly inhibited (ϳ45%) the RecA dATPase activity by reducing the ability of RecA to bind ssDNA (Fig. 1B) . A similar degree of inhibition was observed in the presence of phosphorylated (SsbA(K)) or in vitro phosphorylated and subsequently desphosphorylated (SsbA(P)) protein, suggesting that (i) the par-tial inhibitory effect of SsbA on the RecA dATPase activity was not influenced by the phosphorylated state of SsbA, and (ii) SsbA competes with RecA for ssDNA binding.
RESULTS

Effect of SsbA or Ssb
The addition of saturating Ssb SPP1 concentrations (1 Ssb SPP1 / 36 nt) to the pre-formed ssDNA⅐RecA⅐dATP⅐Mg 2ϩ complex blocked the RecA dATPase activity (Fig. 1C) . Similar results were observed when Ssb SPP1 was added prior to RecA (Fig. 1D) . However, the addition of a half-saturating Ssb SPP1 concentration (1 Ssb SPP1 /72 nt) partially inhibited (30 to 40%) the dATPase activity of RecA (Fig. 1, C and D) .
These results altogether show that saturating SsbA concentrations partially inhibit RecA nucleation onto ssDNA, whereas saturating Ssb SPP1 concentrations might both inhibit RecA assembly onto ssDNA and displace RecA⅐dATP⅐Mg 2ϩ from the ssDNA. Because both SsbA and Ssb SPP1 bind ssDNA with similar affinity some species-specific protein-protein interactions cannot be ruled out. 4 Effect of SsbA or Ssb SPP1 Protein on RecA-mediated dATP-dependent DNA Strand Exchange-Using a prototype substrate (circular ssDNA, css, and a homologous linear dsDNA, lds) it was shown that RecA is very active in catalyzing dATPdependent strand exchange in the absence of SsbA (5). Therefore, subsaturating RecA concentrations were used in our experiments to study the effect of SsbA or Ssb SPP1 addition in RecA-promoted dATPdependent three-strand exchange. In the absence of a single-stranded binding protein, ϳ16% of the lds was converted into jms by RecA (1 RecA/7 nt) during a 15-min reaction in the presence of 2 mM dATP (see Fig. 2B , lane 2), and ϳ55% of the lds was converted into nc during a 60-min reaction (see Fig. 2 , A, lanes 2 and 11, and B, lane 3) .
The presence of half-saturating to saturating amounts of SsbA, added after RecA nucleation and filament extension onto ssDNA had occurred, showed a clear stimulation on the net accumulation of dATP-dependent nc products. When SsbA (1 SsbA/144 nt) was added after RecA, Ͼ80% of the lds substrate was converted to product ( Fig. 2A, lane 5) , and in the presence of higher SsbA (1 SsbA/72 nt) Ͼ95% of the lds substrate was converted into nc products ( Fig. 2A, lanes 5  and 7) (5). When saturating amounts of Ssb SPP1 were added after RecA, 70 -85% of the lds substrate was converted to product (Fig. 2B, lanes 7-9) . It is likely, therefore, that some of the observed postsynaptic stimulation by SsbA or Ssb SPP1 was possibly due to the sequestration of the displaced ssDNA generated during DNA strand exchange that could avoid non-productive re-invasions.
When SsbA protein was added to the reaction mixture before RecA nucleation onto ssDNA, the stimulation in DNA strand exchange was less obvious when compared with the absence of SsbA. In the presence of saturating amounts of SsbA (1 SsbA/36 nt) a small stimulation (ϳ1.3-fold) of RecA-mediated net accumulation of nc was observed (5) (Fig.  2A, lanes 11 and 15) , however, when Ssb SPP1 was added to the reaction mixture before RecA nucleation onto ssDNA only a slight stimulation, if at all, in dATP-dependent DNA strand exchange was observed when compared with the absence of Ssb SPP1 (Fig. 2B,  lanes 3 and 10 -15 ). This suggests that RecA⅐dATP⅐Mg 2ϩ displaces poorly, if at all pre-bound SsbA or Ssb SPP1 from the ssDNA (Fig. 2) . RecO Acts as a RecA Mediator-To determine whether RecO and/or RecR stimulate dATP hydrolysis in the absence of SsbA or are able to overcome the inhibition exerted by SsbA on RecA catalyzed dATP hydrolysis, we purified RecO and RecR and measured their effect on RecA-catalyzed dATP hydrolysis in the presence or absence of SsbA. Table 1 summarizes the effect of RecO, RecR, or both on ssDNA-dependent RecA-catalyzed dATP hydrolysis. As previously shown, RecA-catalyzed ssDNA-dependent dATP hydrolysis was partially inhibited when SsbA was added, independently of the order of protein addition (5) ( Table 1 , see also Fig.  1 ). In the absence of SsbA, the addition of RecO, RecR, or both did not affect dATP hydrolysis by RecA ( Table 1 , we assumed that RecO is necessary and sufficient to enable RecA to utilize SsbA-coated ssDNA. To confirm this idea we analyzed the effect of varying RecO concentrations on RecA-catalyzed hydrolysis of dATP in the presence of SsbA. The RecO protein did not stimulate the dATPase activity of RecA when both proteins and ssDNA were present (Fig. 3) , even at RecO concentrations as high as 480 nM (data not shown).
Addition of SsbA (1 SsbA tetramer/72-nt) to pre-bound RecA⅐dATP⅐Mg 2ϩ -ssDNA partially inhibited the RecA dATPase activity (Fig. 1) . The addition of RecO at a concentration of 1 RecO dimer per ssDNA molecule partially overcame the negative effect of SsbA on RecA-catalyzed ssDNA-dependent dATP hydrolysis (Fig. 3A) , suggesting that RecO alone is necessary to recruit RecA onto SsbA-coated ssDNA. It is likely that RecO binds SsbA-coated ssDNA and facilitates loading of RecA by direct interaction of RecO with RecA rather than by a major displacement of SsbA (see below). Once a protomer of RecA is loaded onto the DNA, the subsequent nucleation and filament extension could be sufficient for some SsbA displacement. The presence of 1 RecO protein/200 nt fully overcame the SsbA limitation on RecA-catalyzed ssDNA-dependent dATP hydrolysis (Fig. 3A) . Similar results were observed when SsbA was added prior to RecA (Fig. 3B) .
RecO also fully overcame the negative effect exerted by SsbA(K) or SsbA(P) on the RecA ssDNA-dependent dATPase activity (data not shown), suggesting that RecO nucleates RecA onto phosphorylated or dephosphorylated SsbA-coated ssDNA. This is consistent with the observation that the role of SsbA phosphorylation is to regulate chromosomal replication (46) , but differs from RPA phosphorylation whose primary role is to stimulate chromosomal DNA repair (47) .
The assays were also performed with Ssb SPP1 to discover if protein-specific interactions might play a role in the recovery of RecA dATPase activity. When RecO and RecA were first put on the DNA, Ssb SPP1 did not affect RecA nucleation onto ssDNA. However, when Ssb SPP1 was added before RecA, RecO could not overcome the negative effect exerted by Ssb SPP1 (Fig. 3D) . These data altogether suggest that RecO may perform two different roles by species-specific interactions: it loads RecA onto ssDNA and displaces SsbA from ssDNA.
RecO Stimulates the Accumulation of Recombination Intermediates-RecO not only promotes the nucleation of RecA onto SsbA-coated ssDNA (see above), but also anneals complementary ssDNA. 4 To assess if these two distinct RecO activities are coordinated we have studied RecA-mediated DNA strand exchange. In the absence of SsbA, RecO, when added before RecA, stimulated the accumulation of jm formation, although a decrease in the accumulation of nc products was observed (Fig. 4A, lanes 11-15) . The RecO effect in the conversion of jm to final nc products was less evident when RecO was added after RecA (Fig. 4A, lanes 4 -8) . Similar results were obtained in the presence of a dATP regeneration system (data not shown). These results, which cannot be attributed to the lack of dATP, are consistent with the fact that RecO does not stimulate RecA-catalyzed dATP hydrolysis (see Table 1 ).
To further examine RecO as a RecA mediator, RecA-promoted strand exchange in the presence of SsbA (Fig. 4B) or Ssb SPP1 (Fig. 4C) was studied. Independently of the order of SsbA addition, the presence of low RecO (1 RecO/330 nt) increased RecA-mediated DNA strand exchange (Fig. 4B, lanes  4 and 12) because no detectable amounts of the lds substrate and increased accumulation of jm were observed. However, the amount of final nc products was not concomitantly enhanced with the disappearance of the lds substrate when compared with the same reaction in the absence of RecO (Fig. 4B,  lanes 3 and 11) . The presence of RecO (at concentrations of 1 RecO per 83 nt to 20 nt) reversed the stimulatory effect of SSbA, when added after RecA, by decreasing the amount of nc product (Fig. 4B) . The effect was also noticeable, independently of the order of protein addition (Fig. 4B lanes 3, 7, 8, 15 , and 16). It is likely that RecO could enable RecA to utilize SsbA-coated ssDNA and promote RecA re-invasion of the displaced ssDNA. This is consistent with the observation that RecO reverses the negative effect that SsbA exerts on the dATPase activity of RecA (see above). Alternatively, RecO could bind to the displaced ssDNA and promote annealing with the lineal partially duplex DNA.
When Ssb SPP1 was added after RecA and RecO, stimulation of RecA-mediated accumulation of nc products, with little accumulation of jm intermediates was observed at low levels of RecO or in its absence (0 -60 nM) (Fig. 4C, lanes 4 -7) . This data suggests that the displaced ssDNA strand bound by Ssb SPP1 plays a minor role in the strand exchange reaction. At high RecO concentrations (1 RecO/40 -20 nt) the extent of recombination intermediates increased (Fig. 4C, lanes 8  and 9) . When Ssb SPP1 and RecO were added before RecA, RecO failed to overcome the inhibitory effect of Ssb SPP1 on the rate of RecA-mediated DNA strand exchange (Fig. 4C, lanes 14 -18) . It is likely that RecO may not be able to displace Ssb SPP1 from the ssDNA and thus under these conditions may not be capable of decreasing RecA-mediated DNA strand exchange or promoting the annealing of complementary ssDNAs (see above). This result is consistent with the fact that RecO is unable to overcome the inhibitory effect of Ssb SPP1 when added before RecA in the dATPase assay. Whatever influence RecO exerts on RecA-mediated strand exchange (promoting RecA unproductive re-invasion or competing with the substrate by annealing and forming other recombination intermediates) this must be done by first removing SsbA from the substrate.
RecO Enables RecA to Utilize SsbA-coated ssDNA-To evaluate whether RecO facilitates RecA assembly onto SsbA-coated ssDNA, 90°light scattering experiments were performed, because it was previously shown that an increase in the RecA Eco ⅐ssDNA complex formed can be linearly correlated with increased light scattering intensity (see Refs. 48 and 49).
We first analyzed RecA alone. In the absence of ssDNA, RecA showed a linear increase in light scattering, however, the addition of dATP⅐Mg 2ϩ 500 s later was followed by a very fast drop to basal levels (Fig. 5A, orange line) , suggesting that dATP induced the disassembly of high oligomeric forms of RecA. It is likely that both RecA Eco (see 48, 49) and RecA (Fig. 5A, orange  line) , in the absence of ssDNA and/or the nucleotide cofactor, might form "free RecA filaments" or "bundle structures" that could be rapidly disassembled when adding ssDNA and/or the nucleotide cofactor.
In the presence of ssDNA and ATP␥S, the light scattering signal increased with time, whereas in the presence of dATP, the scattering signal increased and subsequently decreased (Fig.  5A, compare black, blue, and orange lines) . These correlate with electron microscopy data (see Ref. 43) , which show that in the presence of ATP␥S, a stable filament can be observed. In the presence of dATP RecA binds to ssDNA, and the hydrolysis of dATP leads to its release from the ssDNA, so that under these conditions, possibly, only short RecA nucleoprotein filaments accumulated. No significant or low light scattering signal was detected when ssDNA was incubated with saturating concentrations of SsbA, Ssb SPP1 , or RecO (Fig. 5A , yellow, pink, and light blue lines, respectively).
Addition of RecO to the pre-formed SsbA⅐ssDNA complex was followed by a moderate increase in the light scattering signal, reaching a steady state within 20 to 40 s (Fig. 5B, dark  blue line) . Addition of subsaturating concentrations of RecA⅐dATP⅐Mg 2ϩ to the pre-formed SsbA⅐ssDNA (Fig. 5B,  yellow line) or Ssb SPP1 ⅐ssDNA complex (Fig. 5C , light blue line) was followed by no significant increase in the light scattering signal. The addition of RecO to the pre-formed Ssb SPP1 ⅐ssDNA complex plus RecA⅐dATP⅐Mg 2ϩ was not followed by an increase in light scattered (Fig. 5C, dark blue line) , with a similar signal to the one observed with Ssb SPP1 alone (see Fig. 5A , pink line). However, addition of increasing RecO concentrations (1 RecO/124 to 62 nt) to the pre-formed SsbA⅐ssDNA complex plus RecA⅐dATP⅐Mg 2ϩ increased the turbidity very rapidly and significantly (Fig. 5B, black and brown lines) . It is likely, therefore, that (i) RecO might interact with SsbA, with subsequently SsbA being displaced from ssDNA, (ii) RecO may facilitate RecA nucleation onto SsbA-coated ssDNA by interacting with RecA, and (iii) RecO may fail to facilitate RecA nucleation onto Ssb SPP1 -coated ssDNA. To evaluate these hypotheses an experiment was performed in the absence of dATP, i.e. no binding of RecA to the ssDNA substrate. The addition of high RecO concentrations (1 RecO molecule/31 nt) to the pre-formed SsbA⅐ssDNA complex in the presence of RecA was followed by a rapid, although moderate, increase in light scattering, which only increased when dATP⅐Mg 2ϩ was added (Fig. 5C, black line) , indicating that the increase in light scattering was due to RecA binding to ssDNA, and not to protein-protein aggregation.
RecO Binding to ssDNA Is Stimulated by SsbA and RecA-In the previous section it was shown that the highest increase in light scattering intensities was present when ssDNA, SsbA, RecA⅐dATP⅐Mg 2ϩ , and RecO proteins were present in the reac- 16) ) and increasing concentrations of RecO (lanes 12-16) for 10 min at 37°C in buffer C containing 2 mM dATP. Then SsbA or RecA was added, and the reaction was further incubated for 50 min at 37°C. In C, circular ssDNA and homologous linear dsDNA were preincubated with a constant amount of RecA (lanes 3-9) and increasing concentrations of RecO (lanes 5-9) or with a constant amount of Ssb SPP1 (138 nM (lanes 13-18) ) and increasing concentrations of RecO (lanes 14 -18) for 10 min at 37°C in buffer C containing 2 mM dATP. Then Ssb SPP1 (lanes [4] [5] [6] [7] [8] [9] or RecA (lanes 12-18) were added, and the reaction further incubated for 50 min at 37°C. The separation conditions, positions of DNA bands, and abbreviations correspond to those described in the legend to Fig. 2 . The percentage of jm intermediates and nc products are shown below each lane.
tions, suggesting that RecO not only loads RecA onto the SsbAcoated ssDNA, but also that RecO binding to ssDNA might be stimulated by the presence of SsbA and RecA. To confirm this hypothesis, we analyzed the light scattering signal observed with two proteins alone in the presence or absence of ssDNA. The signal obtained with RecA and RecO alone in the absence and presence of ssDNA was low or moderate (Fig. 6 , black and light blue lines, respectively). In the presence of RecO and SsbA, the highest signal could be observed when ssDNA was also present (Fig. 6 , dark blue lines), suggesting that both proteins can be bound to the DNA, or that one of them remains bound to the DNA, and at the same time interacts with the other protein.
When the three proteins were analyzed under light scattering experiments, a strong signal was observed only in the presence FIGURE 5 . RecO stimulates RecA filament formation onto SsbA-coated ssDNA. In A, orange line, buffer C was incubated for 10 min in the absence of ssDNA (ϪssDNA), and then the turbidity started to be recorded (time 0), RecA (1.3 M) was added at 100 s (denoted by a white arrow), and dATP (2 mM) 600 s later (orange arrow). Other colors, circular ssDNA (10 M) was preincubated in buffer C containing, when indicated, 2 mM dATP or ATP␥S for 10 min and the turbidity was thereafter recorded (time 0). SsbA (500 nM), Ssb SPP1 (500 nM), RecA (1.3 M), or RecO (320 nM) was added 100 s later (white arrow). In B, circular ssDNA was preincubated with SsbA (500 nM) for 10 min in buffer C containing 2 mM dATP and then the turbidity recorded (time 0). RecA (1.3 M) was added at 100 s (white arrow) and 100 s later (gray arrow) increasing concentrations of RecO (80, 160, or 320 nM) were added. In dark blue line, circular ssDNA was preincubated with SsbA (500 nM) for 10 min in buffer C containing 2 mM dATP and the turbidity was then recorded (time 0) and 100 s later RecO (160 nM) (white arrow) was added. In C, circular ssDNA was preincubated with SsbA (500 nM, black and yellow lines) or Ssb SPP1 (500 nM, dark and light blue lines) in buffer C with (yellow, dark blue, and light blue lines) or without (black line) 2 mM dATP, for 10 min, and the turbidity was then recorded (time 0). RecA (1.3 M) was added at 100 s (white arrow), then RecO (320 nM) was added 100 s later (gray arrow). In the condition without dATP (black line) 100 s after RecO addition, 2 mM dATP (black arrow) was added. The preincubations were performed in the cuvette. All preincubations and measurements were performed at 37°C. In the absence of ssDNA (ϪssDNA), SsbA (500 nM, dark blue lines) was preincubated in buffer C containing 2 mM dATP for 10 min and the turbidity was then recorded (time 0). RecO (320 nM) was added at 100 s (white arrow), then ssDNA was added 300 s later (yellow arrow). In the absence of ssDNA (ϪssDNA), SsbA (500 nM, pink and yellow lines) was preincubated in buffer C containing 2 mM dATP for 10 min and the turbidity was recorded (time 0). RecA (1.3 M) was added at 100 s (white arrow), followed by RecO (320 nM) at 200 s (gray arrow). In one condition, ssDNA (10 M, yellow line) was added 300 s later (yellow arrow) and in the other (pink line) it was not. The incubation conditions were those described in the legend to Fig. 5 .
of ssDNA (Fig. 6 , compare pink and yellow lines), which indicates again that the scattered light is not due to protein aggregation, but to binding to the DNA. Because the signal was higher than the one observed with one or two proteins alone, we assume that this signal may be due to RecO binding to ssDNA stimulated by RecA and SsbA.
Interaction of RecO with SsbA-Previously it was shown that SSB Eco and RecO Eco interact and that the C-terminal region of SSB Eco was required for such a physical interaction (14, 16) . Our results also suggested that an interaction between SsbA and RecO exists. Protein cross-linking experiments were performed to study whether RecO interacts with SsbA. Under SDS-PAGE conditions, RecO (estimated molecular mass 29.3 kDa) and SsbA (18.7 kDa) proteins run as homogeneous bands of ϳ28 and ϳ19 kDa, respectively (Fig. 7A) . In the presence of the cross-linking agent DSS, two RecO bands of ϳ28 and ϳ56 kDa and four SsbA bands of ϳ19, ϳ38, ϳ57, and ϳ70 kDa were observed (Fig. 7, A and B) . Unlike RecO Eco or RecO Dra that exist as monomers (36, 37) , it is likely that RecO is not a monomer in solution.
In the presence of DSS, RecO and SsbA formed complexes with higher molecular masses, when compared with the ones seen with each protein on its own. When the gel was blotted and anti-RecO polyclonal antibodies were used, RecO bands of ϳ28 and ϳ56 kDa were observed in the presence of RecO only. When SsbA was present, RecO products with high molecular masses were detected approaching stoichiometry between RecO and SsbA (Fig. 7, A and B) . These data suggest, but do not prove, that RecO and SsbA interact.
From the work presented in the previous sections, a biochemical interaction between RecO and RecA might also be inferred, however, the presence of any product that could be highlighted with both anti-RecO and anti-RecA antibodies, after the addition of DSS in the presence or absence of dATP, was not observed (data not shown), suggesting that if both RecO and RecA proteins interact, this type of interaction might not be stable.
DISCUSSION
The results reported show that there are mechanistic differences in the regulation of RecA loading onto ssDNA between ␥ Proteobacteria and Firmicutes. The presence of SsbA, independently of the order of addition, partially inhibits RecA-catalyzed ssDNA-dependent hydrolysis of dATP. In contrast, SSB Eco added after RecA Eco enhances RecA Eco nucleation onto ssDNA, and thereby ATP hydrolysis (see Introduction). It is likely that (i) RecA⅐dATP⅐Mg 2ϩ alone melts the secondary structures in the ssDNA because it can catalyze DNA strand exchange quite efficiently, even in the absence of SsbA, and (ii) SsbA does not stimulate RecA nucleation onto circular ssDNA by melting secondary structures. A similar effect was observed for another RecA protein from the Firmicutes division (Streptococcus pneumoniae RecA) (50) . The stimulatory effect observed in strand exchange when SsbA is added after RecA may either be due to SsbA regulating the length of the RecA nucleoprotein filaments or to the avoidance of RecA binding to the displaced ssDNA strand of the dsDNA substrate (postsynaptic stage). We favor the latter hypothesis because the stimulatory effect was also observed in the presence of heterologous Ssb SPP1 .
RecO does not exert a negative effect on the dATPase activity of RecA. We demonstrate that one RecO molecule per ssDNA molecule facilitates RecA nucleation onto ssDNA. One RecO/ 200 nt fully reverses the negative effect exerted by SsbA on RecA nucleation onto ssDNA, independently of the order of SsbA addition, and RecR under the conditions used was nonessential for RecA nucleation onto SsbA-coated ssDNA. However, RecO failed to overcome the negative effect exerted by Ssb SPP1 on RecA nucleation onto ssDNA. These data suggest that RecO alone competes with SsbA for ssDNA and interacts with neighboring SsbA molecules bound to ssDNA, in addition to modulating some of the RecA activities. Unlike RecO, RecO Tth and SSB Tth additively inhibit the ATP activity of RecA Tth , and the RecOR Tth complex fails to fully overcome the negative effect of SSB Tth on the RecA Tth ATPase activity (51) .
We propose that the activity of RecO resembles the efficient loading of Rad51 onto RPA-coated ssDNA by the Rad52 protein (52, 53) , or the one observed with Ustilago maydis BRCA2 ortholog Brh2, which also displaces RPA and loads Rad51 at the ssDNA-dsDNA junctions (54) . This is consistent with the observation that RecO Dra adopts a DNA binding fold similar to bacterial (SSB Eco /SsbA), eukaryotic (RPA), or BRCA2 proteins (36, 37) . Light scattering studies confirm that RecO, acting as a RecA mediator, stimulates RecA nucleation onto SsbA-coated ssDNA. Furthermore, RecA⅐dATP⅐Mg 2ϩ and SsbA might also modulate RecO binding to ssDNA, because the scattering signal was different when the three proteins, dATP, and ssDNA were present in the reaction (Figs. 5 and 6 ). SsbA-coated ssDNA might also enhance the binding of RecO onto ssDNA. We have ruled out the possibility that (i) a RecO interaction with RecA induces a conformational change within RecA, so that modified RecA has greater affinity for ssDNA, because RecO fails to enhance RecA binding onto Ssb SPP1 -coated ssDNA, and (ii) the RecR interaction with the RecO⅐SsbA or RecO⅐SsbA⅐ssDNA 4 M, lanes 1 and 3) , SsbA (4 M, lanes 2 and 4), or RecO (2.4 M) and variable amounts of SsbA (0.7, 1.4, 2.8, and 4 M, lanes [5] [6] [7] [8] were incubated in buffer C with or without 0.5 mM DSS. In A, proteins separated in a 10 -15% SDS-PAGE were stained with Coomassie Blue and in B an immunoblot of cross-linked proteins using anti-RecO antibodies is shown. ϩ and Ϫ denote the presence and absence of the indicated protein or cross-linker agent. MW indicates the molecular mass marker (in kDa).
